Epigenetic Inheritance: What News for Evolution?
Whether epigenetic variation is important in adaptive evolution has been contentious. Two recent studies in Arabidopsis thaliana significantly add to our understanding of genome-wide variation and stability of an epigenetic mark, and thus help pave the path for realistically incorporating epigenetics into evolutionary theory.
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Epigenetic marks such as cytosine methylation or histone modifications can be very dynamic and can alter gene expression in response to environmental and developmental cues without changes in DNA sequence; in some cases epigenetic changes can be heritable through meiosis [1, 2] . This has spurred interest -and heated debates -about whether epigenetic variation may play a significant role in adaptive evolution [3] [4] [5] [6] . The need to formally consider epialleles in population genetics and evolutionary theory has been emphasized (e.g., [6, 7] ); however, more empirical data are necessary to parameterize models and assess the actual impacts of epigenetic variation on adaptive phenotypes (e.g., [3, 8] ). Two recent studies in Arabidopsis thaliana have quantified spontaneous genome-wide methylation variation, and are a significant step forward in quantifying epigenetic change [9, 10] . Both studies capitalized on a very useful resource: a set of well-characterized mutation accumulation lines propagated from one homozygous ancestor ( Figure 1 ) [11] . This allows quantification of the rate and accumulation of differences in the absence of natural selection. Such lines exist for numerous species, which will allow for extensive comparative work [12] . In the A. thaliana studies two individuals each from five [9] and ten [10] 31 st generation lines were assayed for genome-wide cytosine methylation patterns and compared to lines that had been propagated for only three generations from the common ancestor (Figure 1 ). These lines have also been used to quantify the base mutation rate [13] as well as phenotypic divergence [11] .
Both A. thaliana studies concluded that, in general, cytosine methylation is remarkably stable over the 64 generations that separate the most divergent lines (Figure 1 ). But at some loci it does vary: in the two studies 1.6% [9] and 6.4% [10] of methylated cytosines differed in methylation state among lines. This gives epimutation rate estimates orders of magnitude higher than the DNA base mutation rate. Consistent with patterns previously reported for variation among natural A. thaliana strains [14] , variable CG-methylation sites were preferentially located in gene regions, while the methylation states of transposons and repeat regions were mostly stably inherited. Variation in non-CG methylation is comparatively rare, but showed the opposite pattern, being more variable in transposons and intergenic regions [9] .
What does spontaneous variation imply for the potential for epigenetic change to play an important role in evolution? First, consider the genome-wide variation in stability of methylation states. Among the variable sites identified in these A. thaliana genome scans, a large proportion changed state in multiple independent lines, suggesting that some sites are indeed 'hotspots' for epigenetic change [9, 10] , and rates of reversion are appreciable [10] . It has been known for some time that epialleles at some loci are 'metastable' and can change dramatically over generations [15] . Such instability suggests it is unlikely that alternative epialleles can contribute appreciably to stable evolutionary change [4] .
While instability speaks against the idea that individual epialleles would contribute to long-term adaptive evolution, it does beg the question why there is variation among loci in epigenetic stability in the first place. As Richards has pointed out, one possibility is that the unstable epialleles are really just phenotypically inconsequential ''genomic clutter'' that is reset with passing generations [3] . On the other hand, such variation could also be part of a plastic environmental response system or, if selection can stabilize epigenetic states, then it becomes a standing supply of potentially heritable, adaptive epialleles [3] . A particularly intriguing possible explanation when considering the role that epigenetic variation may play in long-term evolution is that it is the propensity to vary, rather than any particular allelic state, that is under selection. Simulations have shown that phenotypic variation and plasticity generated by epigenetic instability can be beneficial in variable environments, and thus instability may itself be a target of selection [16] . Hence the methylation hotspots identified in these A. thaliana lines may be over-represented for loci that have experienced selection for epigenetic instability. An important future question then is whether the trans-generational stability of methylation at a particular locus can respond to selection, and if so, by what mechanism.
Understanding the significance of methylation variation, or any other epigenetic mark, depends on how it correlates with gene expression and phenotypic variation. In both of the A. thaliana studies, gene expression was measured for several loci with variable methylation profiles. In about half the cases, methylation status did correlate with gene expression levels [9, 10] ; at one locus a methylation change resulted in use of an alternative promoter, which led to a change in abundance of one isoform [9] . It is also clear from this that some loci can have altered methylation with no appreciable effect on transcription of that locus. Transcriptome analysis revealed that 320 transcripts differed in abundance among lines, yet only seven overlapped with identified differentially methylated regions [10] . While some of this can be explained by limits in detection power of methylation, it also suggests there may be more to discover -other factors, such as DNA mutations or epimutations in upstream regulators, or other epigenetic changes such as histone or nucleosome modification, may also play important roles.
The mutation accumulation lines used here, as well as those that have been generated in a range of other systems [12] , can provide important insights. In addition to variation in cytosine methylation, these lines can also be used to gather data on the accumulation of variation in other epigenetic marks, and how all of these marks interact to alter gene expression patterns in the absence of sequence changes [17] . As was pointed out [10] , an important additional experiment will be to expose these lines to alternative (stable or variable) environments and ask how this affects epigenetic marks. This will allow assessment of the degree to which the spontaneously variable sites observed in these studies overlap with the set that are
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Generation 32 Current Biology Generation 3 Figure 1 . Assaying the stability of DNA methylation epialleles in Arabidopsis thaliana. Schematic illustration of the generation of mutation accumulation lines in A. thaliana [11] used in recent studies of spontaneous variation in cytosine methylation patterns [9, 10] . Many lines (for simplicity only four are shown here) are propagated from a single homozygous ancestor (grey, top) by single-seed descent. For outcrossing species, this would be achieved by sib mating. The A. thaliana lines sampled for cytosine methylation variation were propagated for 3 and 31 generations. Third and 31st generation individuals are separated by 34 generations and any two 31st generation individuals by 62 generations. One study [10] also sampled 32nd generation individuals that were progeny of sibs of the 31st generation plants sampled, and thus separated from them by two generations. environmentally responsive. Though a greater time investment, a valuable follow-up study would be to propagate lines under different selection regimes for multiple generations and then ask whether or how epigenetic gene regulation responds, and whether any observed differences in fitness are stable adaptations or plastic acclimation.
Having realistic numbers for parameters such as allele stability, epimutation rates and reversion rates is critical for incorporating epigenetics into evolutionary theory. Studies such as the recent A. thaliana variation accumulation studies [9, 10] provide such vital empirical data. Moving forward, we need methods for assessing whether epigenetic marks are evolving neutrally or under selection. How do we quantify selection on methylation patterns or other epigenetic marks? What is the neutral expectation? When we observe divergence in methylation, how can we assess whether this happened under selection or via random 'noise' or plasticity in the regulatory system? Having a formal body of evolutionary theory that incorporates epigenetics, as well as developing a clearer quantification of the connection between epigenetic variation and phenotypes will allow us to more rigorously ask whether or how epigenetics plays an important role in adaptive evolution. This area promises interesting new angles in the study of evolution.
Minute differences between the time of arrival of a sound at the two ears are used by humans and animals to locate the source. New in vivo recordings have shed light on how auditory neurons solve the problem of resolving microsecond time differences.
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When a sound reaches one ear before the other, the resulting interaural time difference is used by humans and animals to locate the source. Sounds easy? The catch is that these interaural time differences are tiny, only fractions of milliseconds. Just how neurons resolve these is an ongoing topic of investigation. In an experimental tour de force, Funabiki and colleagues [1] have now achieved the first in vivo intracellular recordings from neurons that are known to perform the interaural comparison with exquisite precision. Surprisingly, they found that the spiking of those neurons, in the barn owl, was not driven by slow changes in membrane potential, as is the general rule. Instead, membrane-potential fluctuations of hitherto unknown speed -in the kilohertz range -were observed that correlated with the sharp tuning for specific interaural time differences in single cells. These results significantly advance our understanding of a computation that lies at the limits of what neurons are capable of.
Can Neurons Be Sufficiently Fast?
The fact that humans and animals use interaural time differences for sound localisation has long been known [2, 3] . Ways in which this could be implemented neurally were also suggested early. Arguably the most influential model was that published in 1948 by Lloyd A. Jeffress [4] . One central tenet of Jeffress' model was coincidence detection between temporally precise inputs from both ears -neurons that would fire preferentially if their binaural inputs coincided exactly in time.
Such coincidence detection has since been demonstrated in specialised auditory brainstem neurons of the avian (and crocodilian)
